The conditions governing the rate of flow of ionic and non-ionic liquids in narrow channels are examined, and it is demonstrated that in certain circumstances the electrical resistance to shear in ionic liquids, due to the effect of an electrical potential gradient on the ions of the surface layers, may assume considerable importance relative to the mechanical (viscous) resistance to shear. The results of this analysis are of important application in various fields, and offer an explanation of anomalous results obtained by numerous experimental workers.
I n t r o d u c t io n
In recent years a number of workers have devoted considerable attention to the behaviour of thin films of liquid between two interfaces (liquid/solid, liquid/liquid or liquid/gas) when subject to forces tending to reduce the film thickness. For example, Derjaguin & Kussakov (1939 a, b) and Derjagu haviour of gas bubbles in close proximity to various solid surfaces in water, in dilute aqueous salt solutions, and in various non-aqueous liquids. Eversole & Lahr (1941 b) studied the separation produced between quartz surfaces by the condensation of a water film between them, and Buzagh (1937) studied, inter alia, the sedimentation of glass disks in aqueous salt solutions. Generally, the conclusions reached were that such films, up to a thickness of several hundred Angstroms, exhibited certain anomalous properties. Derjaguin & Kussakov reported that if a pressure were applied to such a film, its thickness did not decrease indefinitely, but took up a definite equilibrium value corresponding to that pressure. In aqueous solutions, for any given pressure and surfaces, the equilibrium film thickness was a function of the ion concentration, decreasing as the ion concentration increased. For a water film between a water/hydrogen and a water/mica interface, the equilibrium thickness varied between 1700 A at 1000dynes/cm.2 pressure to 300A at 14,000 dynes/cm.2.
The equilibrium distances of separation between two charged plane surfaces immersed in a liquid (and subject to no external forces which would tend to reduce the separation) have been calculated theoretically by Verwey & Overbeek (1946) and Levine & Dube (1939) , and found to be of a much lower order (0 to 50 A); Schofield (1946) has performed calculations which lead to equilibrium distances of separation similar in some cases to those of Derjaguin & Kussakov, but fail to account for the effect of ion concentration.
Some of the experimental work in this field has been criticized by the writer (Elton 1946), and this criticism will be extended in a future publication. The present paper will be confined to the discussion of a phenomenon which is of crucial import ance in systems of this type, and which has not previously been recognized by workers in this field. Preliminary experimental evidence for the existence of this effect is given in the paper immediately following.
Viscosity effects in thin liquid films
When considering the stability of a liquid film subjected to pressure between two interfaces, it is essential first of all to examine the effect of ordinary viscous resistance to shear which will delay the attainment of any equilibrium state. The attainment of such a state may involve the lapse of a considerable period of time, depending on the size and shape of the interfaces and the initial and final distances of separation (see § 3). In addition, if the liquid is ionic and has a finite electrokinetic (£) potential at one or both of the interfaces, an additional retarding force must be taken into account.
Whenever an electrical double layer at an interface in an ionic liquid is sheared, a potential difference, known as a streaming potential, is set up in the plane of shear. This potential difference will tend to resist the flow of liquid owing to the electrical retarding force acting on the ions of the double layer. In § 4 it is shown that in thin films of liquid, this effect can assume great importance, with the result that the total resistance to approach of two surfaces in an ionic liquid may greatly exceed the corresponding resistance in a non-ionic liquid of the same bulk viscosity. 
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where h2 is the distance of separation between the two surfaces at time t, and hx is the initial separation. Hardy & Bircumshaw (1925) give an expression (derived by G. I. Taylor) for the approach of a sphere of radius of curvature jB to a large flat plate, under the action of a force mg in a liquid of bulk viscosity rj:
Both of these equations lead to infinite values of t for zero final separation, but equation (2) leads to values of a lower order of infinity than equation (1) . That is to say, under equal forces, a sphere will approach a plate very much more rapidly than will a plate of the same order of size, immersed in the same liquid.
Differentiation of equation (1) so that for parallel plates the velocity of approach is proportional to the cube of the distance of separation, while for a sphere approaching a plate, the velocity of approach is proportional to the first power-of the distance of separation.
Before proceeding any further it must be emphasized that equations (1) to (4) must be applied only to cases involving a statistical number of molecules. For example, it would not be legitimate to apply these equations down to values of h2 of say 10 A. In the absence of any complicating phenomena, however, it should be permissible to apply these equations down to quite small distances of separation (at least to 1000 A, possibly approximately to 100 A). If this is done, it is found that the rate of approach of parallel plates is very slow compared with the rate of approach of a sphere of similar dimensions to a plate. Table 1 gives the calculated times of approach of (a) a circular plate of radius 1 cm. to a similar plate, and (6) a sphere of radius 1 cm. to a large flat plate, in both cases under a force of 1000 dynes in a liquid of bulk viscosity 0-01 poise, and from an initial height of 1 cm. It is seen from table 1 that the time taken for a plate to reach a distance of separation of the order of a few hundred Angstroms is considerable. A distance of separation of 1000 A is reached in about 70hr., and a distance of 100 A in about 7000 hr. The calculated rate of approach at the former distance is 2 x 10-11cm./sec. (Such a value has, of course, no absolute significance in view of the above-mentioned limits of applicability of the equations.) On the other hand, the sphere has attained a very small distance in a very short time, and the rate of approach is still relatively rapid. It is proposed in this section to derive equations expressing the apparent increase in viscosity of an ionic liquid (due to the resistance to shear of the double layer), (a) in a cylindrical capillary tube, (b) between two infinite parallel plates, and (c) to use these equations in the derivation of the order of the electroviscous effect between two approaching parallel plates.
(a)
The electroviscous effect in a narrow cylindrical capillary
In the derivation of this equation it is necessary to know the potential at any point inside a narrow capillary containing an ionic liquid, as a function of the distance of that point from the axis. It is proposed first of all to derive this * relationship. 
where A is a constant, compared with r/A, Since ijr = ijr0 when r -a , we may write, wh
(ii) Derivation of the electroviscous equation
Consider a cylindrical capillary tube of radius a, having a pressure gradient P applied along its axis, forcing through it an ionic liquid of bulk viscosity y. If a finite ^-potential exists at the liquid/solid interface, a streaming potential gradient E is set up.
Considering an annulus of liquid of radius r and thickness Sr situated symmetrically with respect to the axis of the tube, and having unit length, then
Viscous retarding force on this annulus
Sr, where u is the velocity of flow of the liquid, and Force on annulus due to the pressure difference = 2 (12)
In the absence of any other forces at equilibrium, the normal Poiseuille relation ship is obtained after equating these two terms. However, since the liquid is an ionic one, the ions of the diffuse double layer will suffer a retarding force due to the potential gradient against which they are being forced. Thus Electrical retarding force: E . 2nr drpr. 
When (1) a is large, and/or (2) £ is zero or very small, and/or (3) a c is large, then equation (28) reduces to 9/a = 9/.
(iii) Approximate derivation of the electroviscous equation for a narrow cylindrical capillary We may regard the apparent increase in viscosity in narrow tubes as being due to a ' back electroendosmosis ' effect produced by the streaming potential gradient set up. This produces a reduction in the rate of flow, and an increase in the apparent viscosity.
An approximate equation may be derived on this basis from the usual expressions for streaming potential and electroendosmosis in cylindrical capillaries as follows:
The streaming potential in a wide tube is given by E = For electroendosmosis in a wide tube
where E' is the applied potential gradient and P' is the electroendosmosis pressure set up. In a narrow tube, where an apparent viscosity 7ja is obtained due to electroviscous resistance, from equation (28) 
Since the relative difference between the apparent and bulk viscosities is due to the ' back-electroendosmosis ' effect of the streaming potential gradient,
Combining equations (32) 
where xjr is the potential at a point at distance x from one of the plates, px is the excess charge density at the point, and e is the dielectric constant, assumed constant throughout the liquid.
From the Boltzmann equation
Px -2 n e sinh . k T
If eifr/kT is small, we may write exfrjkT = sinh (vide supra). Combining equations (35) 
where A is the integration constant. Integrating again If tj is the bulk viscosity of the liquid, and r\a the apparent viscosity, taking into account the electroviscous effect, P is the applied pressure gradient, and E the resulting streaming potential gradient, then we may show by the usual methods that
and for electroendosmosis Va-V = , Va + 4t (62) where E' is an applied potential gradient, P' the resultant electroendosmotic pressure gradient, and 2 ht he distance of separation of the plates.
Combining equations (61) and (62) From these calculations, we may infer that it is unwise to attempt to perform experiments to measure directly ' equilibrium ' distances of separation between parallel plates, since the attainment of any equilibrium position will be delayed by the viscous and electro viscous resistance to approach, which attain considerable dimensions at comparatively large distances of separation. Also, under these con ditions, approach may be so slow that a false impression of equilibrium is given. For these reasons, the experiments of Buzagh (1937) would appear to be unsatis factory.
The use of spherical surfaces would appear to be more suitable in the experi mental study of this problem, since their attainment of equilibrium would be more rapid. Bubbles as used by Derjaguin & Kussakov, however, are not satisfactory, as flattening of the approaching surfaces leads to a slow rate of approach (see § 5).
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then if instead of the apparent viscosity, the normal bulk viscosity is used to calculate the electrokinetic potential £ from the streaming potential E, an anomalous result £a will be obtained such that
In narrow capillaries, therefore, the apparent ^-potential will be reduced if the normal bulk viscosity is used in the calculation.
From equations (28) and (67), we obtain 3 3 7T2a2rjK^ Sn^ahjK + £2e2 * (68) We would therefore expect the apparent electrokinetic potential to vary with the capillary radius as shown in figure 1 .
Results in qualitative agreement with these calculations have been obtained by Bull & Gortner (1932) , who measured apparent ^-potentials in diaphragms of quartz particles of various sizes, and found that the apparent ^-potential was reduced in diaphragms of very small particle size. In figure 2 their results for E /P (propor tional to £a) are plotted as a function of the particle size of the diaphragm, a curve of similar form to that given in figure 1 
(d) The stability of lyophobic colloids
In a lyophobic colloidal solution the rate of approach of two large particles under the influence of Brownian forces will depend on the total viscous and electroviscous resistance to flow of the medium between them; other conditions being equal, the greater the resistance to flow, the greater will be the stability of the solution. The total resistance to flow will vary with the apparent viscosity, which is a function of the ^-potential of the particles, and the dielectric constant and specific conductivity of the medium. Addition of electrolytes, which will decrease the ^-potential of the particles, and increase the conductivity of the medium, will decrease the total resist ance to approach, and, consequently, the stability of the solution. Multivalent ions, which reduce the electrokinetic potential to a greater extent then univalent ions, will be more effective in reducing the stability of the colloid. At the isoelectric point the stability will be at a minimum (£ = 0, so that On reversing the sign of the electrokinetic potential by further addition of electrolyte, the stability will increase, but it is unlikely to reach its original value, because of the increase in the specific conductivity of the medium.
This mechanism would thus seem to offer a new qualitative explanation of the coagulation of lyophobic colloids by electrolytes, and it is intended to develop these ideas quantitatively in a future publication. It must be emphasized, however, that ordinary statistical treatment cannot be applied to a particle in motion under the action of Brownian (i.e. non-statistical) forces. Derjaguin & Kussakov (1939a) showed that the profile of a bubble approaching a surface was as shown diagrammatically in figure 3. The thinnest portion of the liquid film between the bubble and the surface is not in the centre, but in an annular ring ('barrier'), due to the more rapid escape of the liquid around the periphery. This distortion of the bubble will produce a diminution in the rate of approach. We may obtain some idea of the order of the effect (neglecting electroviscous forces) by calculating the barrier ring radius from equation (69), and then treating the barrier ring as a flat plate of equal radius, approaching the surface. This treatment is permissible to a first approximation, as the distance y (figure 3) may be shown to be very small compared with p.
Thus from equations (1) Curves very similar to this are obtained experimentally by Derjaguin & Kussakov. The dependence of the distance of separation on the ionic concentration (as observed experimentally) would be explained by the existence of a greater or lesser electroviscous resistance superimposed on the ordinary viscous resistance to approach. Experimental work performed by the writer (see next paper, p. 281) has served to confirm these conclusions.
